Abstract-Effect of potassium gluconate (K-GL) on K+ uptake of rat erythrocytes was investigated.
Hypokalemia
is commonly seen as a consequence of the use of potent diuretic agents and mineralocorticoids (1) (2) (3) (4) . In the treatment of hypokalemia and in external dialysis, potassium salts are employed. Previously, we found that in the comparative studies on potassium chloride (KCI), potassium aspartate (Asp-K) and potassium gluconate (K-GL) employed in clinics, oral or intravenous administration of K-GL most facilitated the improvement of hypokalemia and most extended the retention time of blood potassium level (5, 6) . However, to date, the precise mechanism of the beneficial effect of K-G L on hypokalemia is not understood well. It is of interest to determine how K-GL retains the blood K+ level.
It is well known that red cells depend upon glycolysis for the maintenance of concentration gradients of sodium and potassium across the cell membranes (7, 8) . Glycolysis is also needed to maintain the concentration of adenosine triphosphoric acid (ATP) and other phosphate esters (9) , and ATP is sometimes regarded as the energy transmitter between glycolysis and the active transport of cations.
With the implication of both K+ transport into erythrocytes and glycolytic process, the present study was designed to test the effect of potassium salts (e.g., KCI, Asp-K, and K GL) on K+ transport and to determine the relationship between the effect of K-GL and glycolysis in rat erythrocytes.
Materials and Methods
Preparation of erythrocytes and Na+-rich cells: Rat erythrocytes were prepared by allowing them to fill with Na+ and empty of K+ during storage at 2 *C in a sodium medium as previously described by Post and Jolly (10) with slight modifications. In brief, the heparinized arterial blood taken from male Wistar rats was centrifuged at 3,000 r.p.m. for 10 min. The plasma and buffy layer coat were removed, and the packed erythrocytes were washed 3 times with an isotonic saline solution. Then the erythrocytes were allowed to stand at 2°C for one week; and during this period, the cold storage sodium medium consisting of 110 mM NaCl, 25 mM Na2 HP04, 2 mM HCI, 2 mM MgCl2, 3.7 mM inosine, 10 mM glucose, and 1 g/L bovine albumin was renewed every 2 days to provide fresh substrate and to keep the pH at 7.4.
Uptake of K+ into Na+-rich erythrocytes: Na+-rich erythrocytes were incubated in a medium (pH 7.4) with one of the potassium salts at 37'C for 60 min, and the K+ content within the cells was determined with an atomic absorption flamephotometer (Hitachi, 508). The composition of the incubation medium was similar to that of the storage sodium medium except that some of the NaCI in the sodium medium was replaced by various concentrations of KCI, Asp-K or K GL (2-32 mM as final K+ concentrations). Before incubation, the cells were washed twice at room temperature with 30 ml of the incubation medium. The hematocrit value of the incubated suspension was usually 2 to 5%. After the incubation, the cells were washed 3 times with 50 to 100 volumes of a cold isotonic choline chloride solution at 2'C by centrifugation and resuspension. The 0.1 ml samples of washed cells were hemolyzed by rapid mixing with 10 volumes of redistilled water. The K+ content was determined by the ratio of the K+ concentration to the hemo globin concentration analyzed by the cyanmethemoglobin method (11) .
Measurement of ATPase activity of hemoglobin-free erythrocyte ghosts: It is generally believed that the active K+ transport into red cells depends on Na+,K+-ATPase in the cell membrane. Therefore, the effect of the potassium salts on the ATPase activity was studied using ghosts.
To prepare the ghost, 3.5 ml of the rat erythrocytes was washed 3 times with saline by centrifugation and resuspension. The washed erythrocytes were hemolyzed by rapid mixing with 50 ml of a 20 mOsm hypotonic Veronal buffer solution (pH 7.4). The hemolysate was centrifuged at 15,000 x g for 20 min and the sediment was washed with 50 ml of the hypotonic buffer solution repeatedly 3 to 4 times until sedimented membranes became free of visible hemo globin (12) . Then they were suspended in the hypotonic buffer solution. The suspension was stored overnight at 4°C before the determination of the ATPase activity. An aliquot of the hemolysate (0.1 ml) was mixed with 3 mM ATP, 5 mM MgCI2, 125 145 mM NaCI, 1-20 mM one of KCI, Asp-K or K-GL, and 100 mM Tris-HCI (pH 7.4) in a total volume of 1 ml. The mixture was incubated for 30 min at 37'C. ATPase activity was determined as the rate at which inorganic phosphate (Pi) was liberated during the incubation. Inorganic phosphate liberated was measured by the method of Dryer et al. (13) . Na+,K+-ATPase activity was calculated as the difference between the ATPase activity in the presence and in the absence of 5x10-4 M ouabain, and this is presented as amoles Pi per hr per mg protein. Protein concen tration was determined according to the method of Lowry et al. (14) .
Measurement of lactate production in intact erythrocytes: The cells were incubated in a medium (2 ml) containing 112-119 mM NaCI, 25 mM Na2HPO4, 2 mM HCI, 10 mM glucose and 1-8 mM one of KCI, Asp-K or K-GL, pH 7.4, at 37°C for 60 min. The hematocrit of this suspension medium was 10-20%. The reaction was stopped with two volumes of 12% perchloric acid (PCA). After centrifugation, the supernatant was neutralized to pH 7.4 with 5 mM K2CO3 and used for the determination of lactate according to the method of Minakami et al. (15) .
Measurement of ATP content in intact erythrocytes: The intact erythrocytes were incubated in a medium containing 8 mM one of the potassium salts, 102 mM NaCI, 25 mM Na2HPO4, 2 mM HCI and 10 mM glucose, pH 7.4, at 37'C for 60 min. After the addition of 4 volumes of 0.6 N PCA, ATP was determined enzymatically (15) .
Use of glycolysis inhibitors: The effect of each of the following agents was studied on potassium salts-induced changes in K+, lactate or ATP content in Na+-rich cells to clarify the relationship between K+ transport and glycolysis. Na+-rich cells were pre incubated with the inhibitor for 30 min before beginning the reaction. 1) Sodium fluoride (Wako Pure Chemical Co., 10 mM). This agent inhibits the enzyme systems acting between the phosphogly cerate-phosphopyruvate stages (16) .
2) Monoiodoacetate (Wako Pure Chemical Co., 1 mM). This agent is known to stop the cycle between 3-phosphoglyceraldehyde and 1,3-diphosphoglycerate (16).
3) Oxidized glutathione (Boehringer Mannheim, 1 mM), an effective inhibitor of red cell hexokinase (17) . Measurement of methemoglobin reduction rate in intact erythrocytes: Methemoglobin reduction was measured according to the method previously reported (18) . Incubation conditions were as follows: An aliquot of the erythrocytes was treated with an equal volume of 1 % sodium nitrite-11% sodium chloride solution and was stirred for about 10 min at room temperature. The erythrocytes with methemoglobin were washed more than 7 times with 5-10 volumes of saline solution in order to remove excess nitrite. The cells were suspended in 2 volumes of buffer (100 mM NaCI, 30 mM triethanolamine -HCI , 5 mM phosphate, pH 7.4) and incubated at 37°C with 10 mM KCI, K-GL or glucose.
Statistical significance tests were per formed using Student's t-test or an analysis of variance. A value of P<0.05 was accepted as indicating a significant difference. 
Results
Uptake of K+ into Na+-rich cells: Using KCI, Asp-K or K-GL, K+ uptake into the Na+ rich cells was examined.
The relationship between the rate of transport and concen tration of KCI, Asp-K or K-GL (2-32 mM, external K+ concentrations)
is shown in Fig.  1 . The K+ transport was increased in an external K+ concentration-dependent manner. At 8 mM of external K+ concentration, a significant difference in the K+ uptake into the cells was observed between K-GL and KCI (P<0.05), but not between K-GL and Asp-K, and between Asp-K and KCI. When external K+ concentration was above 16 mM, there was a significant difference between K-GL and Asp-K (P<0.05).
In the presence of 1 X JO-4 M ouabain, the increase in K+ transport caused by the three potassium salts was reduced markedly to the same level. This concentration of ouabain is known to inhibit Na+,K+-ATPase activity of Na+-rich erythrocyte membrane (19) .
Na+,K+-ATPase activity of erythrocyte ghosts: Having suggested that K-GL is the most effective substance for the K+ uptake reaction among the three potassium salts examined and that potassium salts-induced increase in K+ transport is dependent on Na+, K+-ATPase activity, we next turned to the effect of potassium salts on the Na+,K+ ATPase activity of the membrane fraction (ghost). Figure 2 shows the results of this study.
The Na+,K+-ATPase activity was increased as the external K+ concentration was increased, and the activity was independent of the form of potassium salt added in the medium. The smooth curve was drawn from the best-fitting Michaelis-Menten equation where the concentration of potassium at half-maximal activity, Km, is 2.2 mM/L. This compares favorably with that reported by Post and jolly (10) .
Lactate production and ATP content in intact erythrocytes: Figure 3 presents the concentration-dependent effect of potassium salts on lactate production rate in the cells. The effect of K-G L on lactate production was more potent than that of KCI or Asp-K, and there was a significant difference in lactate production between K-GL and Asp-K (P<0.05), and K-GL and KCI (P<0.01) at 8 mM of K+ concentration. As can be seen in Table 1 , 8 mM K-G L also significantly increased ATP content. Effect of glycolysis inhibitors on K-GL induced changes in K+, lactate and ATP content in Na+-rich cells: The effects of glycolysis inhibitors on K-GL-induced changes in lactate, ATP and K+ content in Na+-rich cells were examined. The results of these experiments are shown in Fig. 4 . KCI or K-GL produced a significant increase in lactate, ATP and K+ content, and these effects of K-G L were more potent than those of KCI. In the case of lactate, the end product of glycolytic process, 10 mM sodium fluoride (NaF), 1 mM monoiodoacetate (MIA) or 1 mM oxidized glutathione (GSSG) brought about a marked reduction in the content (Fig. 4A) , indicating that these concentrations of the agents are effective for inhibiting the glycolytic process in the present system. When these glycolysis inhibitors were present, the potassium salts had no effect on the lactate content (Fig.  4A) . In contrast to the studies on lactate production, glycolysis inhibitors had little effect on the content of ATP (Fig. 4B) or K+ (Fig. 4C) in the non-treated or KCI-treated group. However, K-GL-induced increase in ATP or K+ content was significantly inhibited by NaF, MIA and by GSSG (Fig. 4 , panels B and C). and the error bar, ±1 S.E.M. Fig. 3 . Effect of KCI (0), Asp-K (/) and K-GL (*) on lactate production of the intact erythrocytes. Reaction conditions were 112-119 mM NaCI, 25 mM Na2HPO4, 2 mM HCI, 10 mM glucose, and 1-8 mM of KCI, Asp-K or K-GL. Each point re presents the mean (n=6 -12) and the error bar, ±1 S.E.M. aSignificantly (P<0.01) different from KCI at the same K+ concentration, bsignificantly (P<0.01) different from Asp-K at the same K+ concentration. (Fig. 5) show that when glucose was used as the substrate, the rate of me themoglobin reduction was more promoted than in the case of K-GL or KCI. K-GL was a more effective potassium salt for the reaction than KCI. presented in panels A, B, and C were identical to those described in Fig. 3 , Table 1 , and Fig. 1 , respectively, except that the final concentration of KCI or K-GL was 16 mM, and 10 mM NaF, 1 mM MIA or 1 mM GSSG was included. Each column represents the mean (n=6-9) and the error bar, ±1 S.E.M. u.bSignificantly ap<0.01 ; bP<0.05) different from the untreated control, c.dsignificantly cP<0 .01 ; dp<0.05) different from the KCI control, and *,"*significantly (*P<0.05; **P<0.01) different from the control in each group. (20) . In the present study, potassium salts (KCI, Asp-K, K-GL) produced a marked increase in K+ uptake into Na+-rich erythrocytes, and K-GL was the most effective substance for the uptake among the three potassium salts examined. In the presence of ouabain, the increases in K+ uptake caused by these three potassium salts were diminished markedly to the same level (Fig. 1) , suggesting that the increase in the active K+ transport induced by K-GL as well as other potassium salts may be Na+,K+ ATPase dependent. However, when the experiment was carried out in hemoglobin free ghosts without a glycolytic system, there was no significant difference in the stimu latory effects of K-G L and other potassium salts on Na+,K+-ATPase activity (Fig. 2) . This may be due to the absence of cytoplasma which participates in the glycolytic me tabolism of erythrocytes.
If the K-G L induced increase in K+ transport into erythrocytes is mediated by acceleration of the glycolytic process, the effect of K-G L on the K+ transport should be inhibited by glycolysis inhibitors. We therefore tested this hypothesis by application of glycolysis inhibitors to our experimental system. When the enzyme systems of the phosphoglycerate phosphopyruvate stages were inhibited by sodium fluoride, when the cycle between 3 phosphoglyceraldehyde and 1,3-diphos phoglycerate was stopped by monoiodoace tate and when hexokinase, a rate-limiting enzyme of the reaction of erythrocyte glycolysis, was inhibited by oxidized gluta thione, K-GL-induced increase in K+ content was abolished (Fig. 4C) . These results are consistent with the view that K-G L, through acceleration of the glycolytic process, may be able to enhance active K+ transport of erythrocytes.
It is known that the pentose-phosphate pathway is a cyclic pathway which leads from glucose 6-phosphate and eventually produces fructose 6-phosphate and glyceral dehyde 3-phosphate, both of which are intermediates in the main pathway of glycolysis. Furthermore, gluconate is a sub strate of the pentose -phosphate pathway (21) , and it is known to be converted into xylulose, an efficient reductant of methemoglobin in human erythrocytes (18) . In the present experiments, K-GL was also an effective potassium salt for the methemoglobin reduction as shown in Fig. 5 . This may suggest the possibility that K-GL provides gluconate, a substrate of the pentose-phosphate pathway, and the pathway is an active participant in the effect of K-GL on active K+ transport into erythrocytes.
In conclusion, it would appear that K-GL enhances active K+ transport of erythrocytes by the increased ATP production, an energy source of Na+,K+-ATPase, via glycolytic process as well as the increased external K+ concentration.
